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Abstract The homeobox gene family is divided into classes 
based on similarity of sequence across the homeodomain. Repre- 
sentative members of discrete classes are often conserved widely 
throughout evolution and this can extend to their genomic organ- 
isation and biological function. In this paper we report the first 
complete cDNA sequence of a member of the GBX class of 
homeobox genes, the routine gene Gbx-2. Sequence comparisons 
indicate that this homeodomain class is highly conserved within 
vertebrates. The homeodomain differs at only three positions out 
of 60 and these can be used to subdivide the GBX class homeodo- 
mains into 2 sub-classes. 
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1. Introduction 
Homeobox genes are a developmentally important family of 
genes first identified as the basis of homeosis in Drosophila. The 
developmental importance of this family as control genes in 
axial patterning and the formation of different cell types during 
metazoan development has been inferred through analysis of 
loss and gain of function mutations in a range of species [1]. 
Homeobox gene products bind DNA specifically via the 
homeodomain [2] and have been shown to be transcription 
factors. 
The homeobox encodes a protein motif called the homeodo- 
main which is widespread and probably ubiquitous throughout 
eukaryotes [3]. The homeodomain is a conserved 60 amino acid 
DNA binding domain consisting of 3 s-helices with the second 
and third helix separated by a fl-turn. The spacing and length 
of the c~-helices are strictly conserved within the homeodomain. 
Comparison of homeodomains from many species has revealed 
that at the primary sequence l vel there is considerable conser- 
vation of specific amino acid residues at defined positions 
within the homeodomain [3]. This sequence conservation is 
most striking in helix 3 which contacts the DNA directly [2], 
and provides a 'trademark' for the identification of homeo- 
domain proteins. 
Within the broad consensus, homeodomain sequences can be 
divided into discrete classes on the basis of additional sequence 
conservation across the homeodomain a d by the presence of 
regions of homology outside the homeodomain [4]. Individual 
members within a class are generally more than 75% related at 
the amino acid level, whereas sequence homology between 
classes rarely exceeds 55% [4]. The classification of homeo- 
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domain sequences into classes has proved useful in determining 
the evolutionary relationship between different homeobox 
genes, and in some cases has been shown to reflect equivalent 
developmental functions and/or chromosomal locations. 
The GBX class of homeobox genes comprises 2 known mem- 
bers in humans and mice. Gbx-1 and Gbx-2 localise to murine 
chromosomes 5 [5] and 1C5-E1 [6], and are linked genetically 
to the two murine members of the Engrailed homeodomain 
class En-2 and En-1, respectively [5]. This linked arrangement 
is also seen with the human homologues of these genes [7,8]. 
This has been interpreted as evidence for evolution of a ho- 
meobox gene cluster by locus duplication [8]. Members of the 
GBX and EN classes are specifically expressed inthe developing 
nervous ystem of the mouse and in the case of En-1 and En-2 
have been shown to be important for normal brain develop- 
ment [9]. Although the full sequence of the En-1 and En-2 genes 
are known, there has been no report of the full sequence of a 
member of the GBX class. 
In this paper we report he full cDNA sequence of the murine 
homeobox gene Gbx-2 (previously known as MMoxB [10]) and 
analyse the relationship between this gene and related ho- 
meobox genes from mouse, human and Xenopus. 
2. Materials and methods 
2.1. Library screening 
A AZAPII library constructed from D3 ES cell cDNA (Clontech; 
[11]) was screened as described previously [11] with a [32p]dATP ol- 
igonucleotide-labelled DNA probe (Gigaprime kit, Bresatec) derived 
from a partial homeobox fragment of Gbx-2 isolated by RTPCR [12]. 
Nytran filters were washed twice in 2 x SSC/0.1% SDS at 42°C for 30 
rain, and then at 68°C for 65 min. Five positive 2 clones were isolated 
from a total of 8 x 105 plaques creened. 
2.2. DNA sequencing 
Fragments of A clone 7.1 were subcloned into pBluescript IIKS and 
sequenced in both directions and over all restriction sites using the 
Sanger dideo×y-chain termination procedure [ 13]. Sequencing was car- 
ried out using [33p]dATP (Bresatec) and the Pharrnacia T7 sequenase 
kit. Compressions were resolved with 7-Deaza-dGTP (USB) and dITP 
(Bresatec) sequencing kits. Sequence comparisons were performed 
using MacDNAsis software and the FastA database search software. 
3. Results and discussion 
3.1. cDNA Sequence of Gbx-2 
A D3 ES cell cDNA library [11] was screened with a PCR 
amplified region of the Gbx-2 homeobox [14]. Sequence analy- 
sis revealed that each of the five cDNA clones contained se- 
quence identical to the partial homeobox sequence of Gbx-2 
described by Murtha et al. [10] as MMoxB. No Gbx-1 (MMoxA 
[10]) cDNA clones were isolated espite the extensive sequence 
homology (84%) across the homeobox fragment used as a 
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probe. The longest Gbx-2 cDNA clone ()~ clone 7.1, 2117 bp) 
was subcloned and sequenced in both orientations. 
The sequence and deduced amino acid sequence of the Gbx-2 
cDNA are presented in Fig. 1. The estimated size of the Gbx-2 
transcript by Northern blot is 2.3 kb [12] and is consistent with 
the 2.12 kb cDNA representing most or all of the Gbx-2 
mRNA. A consensus polyadenylation site (AATAAA) at posi- 
tion 2082 was located 20 bases upstream of the poly(A) tail. 
This arrangement fi s the common positioning of the polyad- 
enylation signal 10-30 bases upstream of the poly(A) tail and 
indicates that the cDNA is complete at the 3' end [15]. 
A 1017 nucleotide open reading frame extended from posi- 
tion 423 to position 1440. The Gbx-2 protein deduced from this 
sequence is 339 amino acids long and is predicted to have a 
molecular weight of 36.4 kDa. The identity of this open reading 
frame was confirmed by the presence of the Gbx-2 homeodo- 
main [5] (Fig. 1). Although the position of the ATG initiation 
codon for translation cannot be established unequivocally, 
translation appears to commence at 3 successive ATG initiation 
codons which are the first ATG codons in the open reading 
frame of the Gbx-2 homeodomain. 
The transcript has an unusually long 5' untranslated region 
of 423 bases. 5' untranslated regions of this length in some cases 
contain sequences which appear to influence translation effi- 
ciency [16]. 
A proline-rich region (38% proline) extended over 57 amino 
acids near the amino-terminus of the Gbx-2 protein (Fig. 1, 
bold overline). Regions rich in proline residues have been impli- 
cated in the activation of transcription by transcription factors 
such as AP-2 [17]. This region of the Gbx-2 protein includes a 
polymeric repeat of 8 consecutive prolines which is also seen 
in other homeodomain proteins and may represent a domain 
of specific importance for activation. This possibility is consis- 
tent with the known role of homeodomain proteins as tran- 
scription factors [18]. 
3.2. Comparisons with other homeobox genes 
Alignment of Gbx-2 with 4 related partial ength homeodo- 
main sequences i shown in Fig. 2A. Gbx-2 was most closely 
related to the human homeobox gene GBX-2 [8] sharing se- 
quence identity over the 60 amino acids of the homeodomain. 
Gbx-2 also showed strong conservation across the homeodo- 
main with other homeobox genes including the human gene 
GBX-1 (97% [7]), the chicken gene CHox7 (97% [19]) and the 
Xenopus gene XlHox7a (98% UO4867). The close relationships 
between these homeodomains indicate that each gene is a mem- 
ber of the GBX homeodomain class. 
The GBX class can be subdivided based on conservative 
amino acid substitutions atpositions 1 and 59 within the GBX 
homeodomain (Fig. 2A). Residue 1 can be either a serine or an 
asparagine and residue 59 can be either a valine or isoleucine. 
Thus the mouse Gbx-2, human GBX-2 and XlHox7a homeo- 
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3 gttcgcgcgctccccagccgcccgtgggagacgacggactgcaggacggacagacggacggacgcacgcactgctggtagctgggccgagacctgcaga i01 
102 cgcgaagcgcgcgcgt t ccgacgggct agcagccgggagcggt tccggcgaacgcgaggtccccggcgccct ct ccatcccgggcgcacggcct catcg 200 
201 cgctcggtggctgcacccgtgcaggccgggtatgctgcgggtcctgcactgaggggcgg•gg•ggcgtctgcgctctgggcaccgctcagcccctgccc 299 
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597 GCAGcGcTGCAGcccGCTCTGCcGCCCGcGcACCCTCACCACCAGATC•CCAGcCTGCcCACcGGCTT•TGCTcCAGcCTGGCGCAGGGcATGGCGCTC 695 
92 T S T L M A T L P G G F S A S P Q H Q E A A A A R K F A P Q P L P 124 
696 ACCTCCACGCT CATGGCCACT CTGCCCGGCGGCTT CT CTGCGTCG CCCCAGCACCAAGAGG C GCGGCT GCCCGCAAGTTCGCTCCACAGCCACTG CC 794 
125 G G G N F D K A E A L Q A D A E D G K A F L A K E G S L L A F S A 157 
795 GGAGGCGGCAACT TCGACAAAGCCGAGGCGCTCCAAGCGGATGCGGAAGACGG C AA CCT CTTGGCCAAG AGGGCTCGCT GCTCGCTTTCT~G 893 
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894 GCCGAAGCGGTGCAGGCGTCG CTCGTCGGGGCTGTCCGAGGGCAAGGGAAAGACGAGTCAAAGGT GGAAGAT GACCCGAAGGGCAAGGAGGAGAGCTTC 992 
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993 TCT~AGAG~ATGTGGATTA~AGC~AGATGA~ATTTGC~TCAGA~TG~ATAAGG~G~GAc~GGC~cACT~AGGAGA~G 1091 
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1092 CAGAG~GCGGTG ~GCAG~AGCACCAC~CCACAG~TC~GCGG~ ~GGAC~CCTTCA~A~GAACAG~ ~TGGA~TGGAGAAAGAA~ 1190 
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ii 91 |TTC~GCAAAAAGTACCT~TCCCTGAC~AGCG~CAGATC~CCAC~TCAAAC~AG~GAGGTGC~AGTAAA~T~G~TCCAG~C~| 1289 
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1290 ~GG~CAAGTG~CGTGTC~CA~CAACGC~ATTCC~GACGGGG~GCC~T~C~C~GATTGTCGTCCCCAT~GTTCACGTT 1388 
3 2 3 S R F A I R S Q H Q Q L E Q A R P *  
1389 AGCAGGTTCGCTATTCG~GTCAACAC~AGCT~AGCAGG~ACCC~ggcccagccagggtggacaccaccatggagaggccctaacacct 1487 
1488 gaaggaacccgtgtcagactccactgtttaaagcagaactcagaggcacctcctagatgtggacatccaagcaaattgagagtatattcattagacggg 1586 
1587 cttaaagggggctacagccacaccagaagatacactaaatatttattatacaaccctactttgtacatagatctctatctagactggatctcagctgca 1685 
1686 gtgttttgaaagggataggatcaaatctctctccttacactttccagatgaaacaaaaccaccactgtactctgccgccttcagcgaccaccttcccat 1784 
1785 acgtgcccaaaggtaaacaggagacacaaggacaaacactgcggtttaaccttcttattgttattttttgtttgtttgtttctattttggctttttgag 1883 
1884 ttgagtgcagagcagtcggttgattttggagcaatctagaactctgctctgctcgtttgctttgcctggctgtctttcctggccttgtatatcctatct 1982 
1983 gagccatgtcggaagcacgtctccgttgtgtttaatttatttcaatgtagcttattttcatataagttatgacatttaaacaatctcagtcttgtgaat 2081 
2082 aataaaaaaaaaggcaaggaaaaaaaaaaaaaaaa 2117 
Fig. 1. Nucleotide and deduced amino acid sequence of Gbx-2 cDNA clone 7. h The putative initiation and termination codon are shown in bold, 
the proline rich region and the homeodomain are indicated by a bold overline and a box, respectively. The polyadenylation signal is underlined. 
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A. 
Gbx-2 
GBX- 2 
XiHox7a 
CHox7 
HGbx-i 
STTSTG~RRRRTAFTSEQLLELEKEFHCKKYLSLTERSQIAHALKLSEVQVKIWFQNRRAKWKR~K~ 
STTSTGK~RRRRTAFTSEQLLELEKEFHCKKYLSLTERSQIAHALKLSEVQVKIWFQNRRAKWKR~K~ 
~q~STGKDRRRTAFTSEQLLELEKEFHCKKYLSLTERSQIAHVLKLSEVQVKIWFQNRRAKWKR ~ 
~K~RRRTAFTSEQLLELEKEFHCKKYLSLTERSQIAHALKLSEVQVKIWFQNRRAKWKR~ 
F~K~RRRTAFTSEOLLELEKEFHCKKYLSLTERSOIAHALKLSEVOVKIWFONRRAKWKRIW~ 
Gbx-2 
GBX- 2 
XlHox7a 
CHox7 
HGbx- 1 
AGNANS KTGE PS RN PK IVVP I PVHVS RFAI RSQHQQLEQARP * 
AGNANSKTGEPSRNPK IWP I PVHVSRFAIRSQHQQLEQARP * 
AGN~NSKTGEPSRNPKIVVPIPVH%~RFAIRSQHQQLEQARP* 
A   .PvR PKI   
AGh~E PVRNPKIVVPI P V ~ R P  * 
B° 
Gbx-2  Q T A H K E E D P G H A L E E T P Q S G G A A G S T T S T G K[ -N  
CAGACT GCTCATAAGGAAGAAGACCCCGGCCACGCACT GGAGGAGACCCCGCAGAGCGGCGGTGC~LGCAGGCAGCACCACGTCCACAGG CAA~ AC 
CCAGGCAGCTCACAAGGAGGAAGACCCGGGCCACGGGG T A GAGACCCCGCCGAGCAGCG CGCGGGCAGCACCACG T TACGGG CAAf~AC 
GBX-2  P G S S Q G G R P G P R G G G P A E Q R R A G G S T T S T G K[~.. 
Q A A H K E E D P G H G V E E T P P S S G A 
Fig. 2. Protein sequence omparison of GBX class homeodomain proteins over the homeodomain a d flanking regions. (A) The homeodomain is 
boxed (bold) and variant amino acids are shaded. (B) DNA and amino acid sequence omparison between mouse Gbx-2 and human GBX-2 5' of 
the homeodomain (i dicated by the line). The additional A residue in Gbx-2 is indicated in bold. The alternative r ading frame induced in GBX-2 
as a consequence of this frameshift is indicated below the sequence. 
domains contain Asn-I and Val-59, while the GBX-1 and 
CHox7 homeodomains contain Ser-1 and Ile-59. The partial 
homeodomain sequence for the murine Gbx-1 gene also con- 
tains Ile-59 [5]. These variant positions can therefore be used 
to identify two subclasses ofthe GBX class. It will be interesting 
to examine the distribution of these class members in lower 
vertebrates. 
Sequence homologies within the Gbx-2 subclass extended 
beyond the homeodomain and were identical beginning 9
amino acids upstream of the homeodomain a d ending at the 
C-terminus, 42 amino acids downstream of the homeodomain. 
The murine and human proteins were identical over this region 
although XlHox7a contains 5 substitutions, one of which is 
within the homeodomain (Fig. 2A). This is probably a reflec- 
tion of the evolutionary distance between Xenopus and mam- 
mals compared to that separating mouse and human. This 
suggests that the amino acid sequence downstream and within 
the homeodomain is crucial to the functionality of Gbx-2 pro- 
teins. 
Upstream of this point there is substantial divergence be- 
tween the mouse and human GBX genes. At the nucleotide l vel 
this is manifest as a frameshift resulting from the insertion of 
an adenine residue at position 1113 of the murine Gbx-2 se- 
quence (Fig. 2B). The presence of this extra residue is con- 
firmed by the fact that in its absence a TAA stop codon at 
position 1052 of the Gbx-2 sequence would be in the same frame 
as the homeodomain. Translation of the homeodomain could 
therefore not occur. This confirms the presence of this extra 
base in the murine sequence. Addition of this base to the human 
GBX-2 sequence restores homology for the remaining 5' 22 
amino acids to 72% (Fig. 2B). 
The expression patterns of GBX class members implicates 
these genes in development of the nervous ystem [20]. It will 
be interesting to trace the evolutionary conservation of the 
GBX class, and the different GBX class members among lower 
vertebrates, and to examine the existence, expression pattern 
and function of the various class members in organisms with 
more primitive nervous ystems, 
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